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Abstract. Pulsar winds shocked in the ambient medium produce spectacular nebulae observable from the radio through γ-
rays. The shape and the spectrum of a pulsar wind nebula (PWN) depend on the angular distribution, magnetization and
energy spectrum of the wind streaming from the pulsar magnetosphere, as well as on the pulsar velocity and the properties of
the ambient medium. The advent of Chandra, with its unprecedented angular resolution and high sensitivity, has allowed us
not only to detect many new PWNe, but also study their spatial and spectral structure and dynamics, which has significantly
advanced our understanding of these objects. Here we overview recent observational results on PWNe, with emphasis on
Chandra observations.
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INTRODUCTION
It is generally accepted that all active pulsars lose their
spin energy and angular momentum via relativistic winds
comprised of relativistic particles and electromagnetic
field. Because the relativistic bulk velocity of the wind
leaving the pulsar magnetosphere is obviously super-
sonic with respect to the ambient medium, such a wind
produces a termination shock (TS) at a distance RTS
from the pulsar where the bulk wind pressure, Pw ∼
E˙/(4picR2TS), is equal to the ambient pressure Pamb. The
TS radius can be estimated as
RTS ∼
(
E˙/4picPamb
)1/2 ∼ 0.05 E˙1/236 P−1/2amb,−10 pc, (1)
where E˙ = 1036E˙36 ergs s−1 is the pulsar’s spin-down
power, and Pamb = 10−10Pamb,−10 dyn cm−2. At the TS,
the pulsar wind is being “thermalized”, and the down-
stream bulk flow speed becomes subrelativistic [1]. As
the relativistic particles of the shocked wind move in the
magnetic field and ambient radiation field, they emit syn-
chrotron and inverse Compton (IC) radition, which we
observe as a pulsar wind nebula (PWN). Since the wind
is a universal property of any active pulsar, we expect
that all pulsars must be accompanied by PWNe. Study-
ing PWNe tells us about the properties of pulsar winds
and their parent pulsars, the properties of the ambient
medium, and the mechanisms of wind-medium interac-
tion.
The energies of the synchrotron and IC photons span
the range from the radio to TeV γ-rays. The mere detec-
tion of a PWN in some energy band indicates the emis-
sion mechanism and the electron energies involved. For
instance, detecting a PWN in the X-ray band, where the
synchrotron emission dominates, implies that the wind
particles have been accelerated up to ∼> 100 TeV ener-
gies, either at the TS or on the way to the TS (note that
particles with such energies cannot leave the pulsar mag-
netosphere because of radiative losses), and that the same
particles should produce IC emission in the TeV energy
range.
Useful information on the pulsar wind and its interac-
tion with the medium is provided by the PWN morphol-
ogy, which depends on the wind outflow geometry and
the direction of pulsar velocity. If we assume an isotropic
outflow from a very slowly moving pulsar, the shocked
wind is confined between the TS and contact disconti-
nuity (CD) spheres, while the shocked ambient medium
fills in the space between the CD and the spherical for-
ward shock (FS).
If the pulsar moves with a supersonic velocity,
Vp  cs, then the TS, CD and FS surfaces acquire
a characteristic convex shapes ahead of the moving
pulsar but can exhibit rather different shapes be-
hind it. In particular, the TS acquires a bullet-like
shape, with the distance RTS,h ∼ (E˙/4picPram)−1/2 ∼
0.04E˙1/236 n
−1/2(Vp/100kms−1)−1 pc, between the bul-
let’s head (bowshock) and the pulsar (cf. eq. 1), where
Pram = ρV 2p = 1.67×10−10n(Vp/100kms−1)2 dyn cm−2
is the ram pressure. The numerical simulations [2, 3]
suggest that the shocked wind is channeled into the tail
behind the TS bullet, confined by the nearly cylindrical
CD surface, where it flows with a mildly relativistic
velocity. The shocked ISM matter is also stretched along
the pulsar trajectory, and it can be seen in spectral lines
(e.g., Hα ) from the atoms excited at the FS (e.g., [4]).
We know from observations of young, subsonically
moving pulsars (such as the Crab pulsar), that the PWN
is not spherical even in this case, but it rather looks like
a torus, sometimes with one or two jets along the pul-
sar’s spin axis. This means that the pre-shock wind is
not isotropic, but it outflows preferentially in the equato-
rial plane of the rotating pulsar. Models of such torus-jet
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FIGURE 1. P-P˙ diagram for the pulsars in the ATNF catalog
[5]. Pulsars with known X-ray PWNe are marked by circles.
PWNe have been simulated in [6] and [7] (see also Buc-
ciantini, this proceedings). We are not aware of relativis-
tic MHD models for PWNe created by supersonically
moving pulsars with anisotropic outflows, but we expect
that the compact PWN morphology near the pulsar may
significantly depend on the orientation of the spin axis
with respect to the direction of pulsar’s motion, while
the distant PWN tail and the FS should not be strongly
affected by the wind anisotropy.
As the PWN appearance critically depends on the
pulsar’s Mach number,M =Vp/cs, and cs in a hot SNR
interior is much higher than that in the normal ISM, we
expect that young, powerful pulsars, which have not left
their host SNRs, generate torus-jet PWNe, while older
pulsars would show bowshock-tail PWNe [8].
Only a handful of PWNe had been detected before the
launch of Chandra , mostly in radio and Hα observations
[4], while X-ray observations of PWNe had been hin-
dered by low angular resolution of X-ray instruments.
Chandra , with its unprecedented ≈ 0.5′′ resolution, has
allowed us to reveal the fine structure of the previously
known X-ray PWNe, discover many new PWNe, and
separate the pulsar and PWN emission in many cases.
Some interesting results on X-ray PWNe have also been
obtained with XMM-Newton, which lacks the high an-
gular resolution of Chandra but is more sensitive and
has a larger field of view. Many exciting results from the
Chandra and XMM-Newton observations of PWNe have
been reported in numerous publications, including two
reviews [9, 10]. Here, we present an up-to-date overview
of X-ray observations of PWNe, including a gallery of
spectacular PWN images and a current catalog of these
objects, and discuss correlations between various PWN
properties as well as the pulsar-PWN correlations.
CHANDRA IMAGES
Fifty four PWNe detected with Chandra are listed in
Tables 1–3. Forty of these PWNe are powered by known
pulsars (marked by circles in Fig. 1), while the remaining
fourteen have not been associated with pulsars so far, but
their properties strongly suggest a PWN origin.
The gallery of X-ray images shown in Figures 2–
4 demonstrates the amazing diversity of PWN shapes
and morphologies1. Yet, among the bright, well-resolved
PWNe two morphological types can be distinguished:
torus-jet PWNe, which show an elliptical (toroidal) struc-
ture around the pulsar and sometimes one or two jets
along the torus axis (Fig. 2), and bowshock-tail PWNe,
whose appearance is dominated by a cometary structure,
with the pulsar close to the “comet head” (Fig. 3).
An archetypical example of a torus-jet PWN is the fa-
mous Crab PWN (#2; hereafter we refer to a particular
PWN using the numbering scheme introduced in Tables
1–3). Its Chandra image [11] shows an axisymmetric
PWN with a tilted inner ring, associated with the TS in
the equatorial pulsar wind, a torus (with numerous thin
wisps in its inner part), associated with the shocked pul-
sar wind, and two jets emanating along the pulsar spin
axis. Remarkably, the jets are stretched approximately
along the direction of the pulsar’s proper motion, im-
plying that the pulsar got a “kick” along its spin axis
in the process of formation (e.g., [12]). Multiple Chan-
dra observations have revealed the remarkable dynamics
of the Crab [13]2. In particular, these observations have
shown that the wisps are being created at the inner ring
and propagate outwards with a speed of ∼ 0.5c, while
the motions further away in the torus seem to slow down
with distance from the pulsar. Also, the jets show vari-
ability on a much longer time scale of months [14].
In Figure 2 we see more examples of PWNe with
(presumably) toroidal components and, in most cases,
jets, with one jet often being much brighter then the
other, possibly due to the Doppler boosting effect (the ap-
proaching jet looks brighter than the receding one). How-
ever, appearrance of some of the PWNe is noticeably
different from the Crab. For example, in addition to the
compact elongated core (possibly a torus projected edge-
on), the 3C 58 SNR (#5; [15]), shows multiple loop-like
1 See http://www.astro.psu.edu/users/green/pwne/
pwne.html for high-resolution color images.
2 http://chandra.harvard.edu/photo/2002/0052/
movies.html
FIGURE 2. X-ray images of PWNe with toroidal components. The image numbers correspond to Tables 1–2.
filaments, suggesting a complex structure of the mag-
netic field and instabilities in the shocked wind. An un-
usual morphology, with two arcs (possibly part of two
rings above and below the equatorial plane [16]), bright
inner jets, and much fainter, strongly variable outer jets
[17], is seen in the Vela PWN (#13; we will discuss it
below in more detail). Another example is the “Jelly-
fish” (#7), powered by the young PSR B1508–58, which
shows a bizarre structure with two “semi-arcs” (one of
which is perhaps a curved jet) and a very long tail (a jet?)
southeast of the pulsar [18]. Interestingly, there are pairs
of young PWNe in SNR (e.g., #4 and #5, #9 and #10)
with quite different appearance despite very similar pow-
ers and ages of their parent pulsars. This dissimilarity
can possibly be attributed to different inclinations of the
pulsar’s spin and magnetic axes (hence different PWN
projections onto the sky plane). Furthermore, in several
cases we see a mixture of the toroidal and cometary
morphologies. For instance, the PWN generated by the
most powerful PSR J0537–6910 (#1, shown in Fig. 3)
exhibits, in addition to a compact torus-like component,
a huge, ∼4 pc long, cometary structure, likely a bubble
of shocked relativistic wind behind the high-speed pulsar
[19, 20]. Also, the overall appearance of the Vela and Jel-
lyfish PWNe is obviously affected by the pulsar motion
(that is why we show these objects in both Fig. 2 and Fig.
3, at different scales).
The cometary structure of the PWNe shown in Figure
3 implies that they are shaped by the pulsar’s motion in
the ambient medium. For most of these PWNe, we can
assume that the pulsar moves supersonically, so that the
brightest part of the PWN is associated with the shocked
wind just outside the TS “bullet”, with the pulsar close
to the bullet’s head, while the tail behind the bullet repre-
sents the shocked wind confined by the nearly cylindrical
CD surface (see Introduction). A typical example of such
a bowshock-tail PWN is the “Mouse” (#22) [21]), which
looks even more spectacular in the radio range [22]. An-
other outstanding example J1509–5058 (#29), with its
extremely long,∼>6 pc, tail (we will discuss this and sim-
ilar objects below).
As expected (see Introduction), most of the toroidal
PWNe are powered by young pulsars, and the oldest
PWNe without an identifiable SNR exhibit bowshock-
tail morphology. However, there is no strict correlation
with the age and power, nor with the presence of an SNR.
Not only we see cometary structures in some young
PWNe in SNRs (e.g., ## 1, 7, 13, 47), but also there are a
few older PWNe, not associated with SNRs, which look
like typical torus-jet PWNe (e.g., #16; [23]).
FIGURE 3. X-ray images of PWNe whose shapes are affected by the pulsar motion. The numbers correspond to Tables 1–3.
We should also note that the morphologies of some
of the cometary PWNe are very different from those ex-
pected from the current MHD models. For example, the
“Mushroom” PWN around PSR B0355+54 (#36; [24])
consists of a broad, bright “cap” and a narrow, faint
“stem”. Another unusual example is the Geminga PWN
(#37), which shows a shell-like structure with a bow head
and a cylindrical body seen up to∼0.2 pc behind the pul-
sar, and a short (0.05 pc), narrow tail (a jet?) along the
symmetry axis of the shell [25, 26]. Such a picture sug-
gests that the Geminga’s wind is essentially anisotropic,
possibly concentrated around the equatorial plane per-
pendicular to the pulsar’s velocity. Very peculiar is the
PWN of the recycled pulsar J2124–3358 (#38), which
shows a curved X-ray tail within an asymmetric Hα bow-
shock, misaligned with each other and the direction of
FIGURE 4. X-ray images of PWNe with uncertain morphologies. The numbers correspond to Tables 1–3.
pulsar’s proper motion [27, 28, 29]. Such a structure
might imply nonuniformities in the ambient ISM, in ad-
dition to anisotropy of the pulsar wind.
Finally, there is a large group of PWNe (see Fig.
4) which we cannot credibly classify into any of the
above two categories, not only because they are too small
and faint but also because some of them exhibit very
bizarre morphologies (e.g., ## 12, 14, 40, 44). One of the
most weird objects is #40 near the old pulsar B2224+65,
whose X-ray image [72, 61] shows a 2′-long linear struc-
ture almost perpendicular to the pulsar’s velocity and to
the orientation of the Hα “Guitar nebula” [4]. Our exam-
ination of the currently available data suggests, however,
that the feature does not connect to the pulsar but ap-
parently originates from a nearby point-like source of an
unknown nature.
To conclude, although crude systematization of PWN
morphologies is possible, they do not perfectly fit into
just two types, indicating that the PWN appearance de-
pend not only on the pulsar’s Mach number but also on
other parameters.
LUMINOSITIES AND SPECTRA
We have compiled the properties of PWNe observed
with Chandra in Tables 1–3. Even if a PWN had been
described previously, we reanalyzed the data to ensure
the uniformity of the analysis; therefore, our results may
differ from those published by other authors. Because of
the limited space, we discuss here only the luminosities
and, very briefly, the spectra of PWNe, leaving more
detailed discussions to a future paper.
TABLE 1. Pulsars with X-ray PWNe.
# PSR∗ SNR PWN log E˙ P
ms
logτ logBs† logBLC∗∗ d‡
kpc
Rad./HαTeV
§
1 J0537–6910 N157B N157B 38.68 16 3.70 12.97 6.31 50 Y/N/N
2 B0531+21 G184.6–5.8/Crab Crab 38.66 33 3.09 12.58 5.99 2.0 Y/N/Y
3 B0540–69 N158A N158A 38.17 50 3.22 12.70 5.56 50 Y/N/N
4 J1833–1034 G21.5–0.9 G21.50–0.89 37.52 62 3.69 12.55 5.15 4.7 Y/N/Y
5 J0205+6449T G130.7+3.1/3C 58 3C 58 37.43 66 3.73 12.56 5.07 3.2 Y/N/N
6 J2229+6114T G106.3+2.7 G106.65+2.96 37.35 52 4.02 12.31 5.14 3 Y/N/N
7 B1509–58 G320.4–1.2/MSH 15–52 Jellyfish 37.25 151 3.19 13.19 4.62 5 P/N/Y
8 J1617–5055 ... G332.50–0.28 37.20 69 3.91 12.49 4.94 6.5 N/N/P
9 J1124–5916 G292.0+1.8/MSH 11–54 G292.04+1.75 37.07 135 3.46 13.01 4.59 6 Y/N/N
10 J1930+1852 G54.1+0.3 G54.10+0.27 37.06 137 3.46 13.01 4.57 5 Y/N/N
11 J1420–6048 ... G313.54+0.23 37.02 68 4.11 12.38 4.85 5.6 P/N/Y
12 J1846–0258 G29.7–0.3/Kes 75 Kes 75 36.91 324 2.86 13.69 4.12 19 Y/N/Y
13 B0833–45T G263.9–3.3/Vela Vela 36.84 89 4.05 12.53 4.65 0.29p Y/N/Y
14 J1811–1925 G11.2–0.3 G11.18–0.35 36.81 65 4.37 12.23 4.77 5 Y/N/N
15 B1951+32 G69.0+2.7/CTB 80 G68.77+2.82 36.57 39 5.03 11.69 4.87 2.5 Y/Y/N
16 J2021+3651T ... G75.23+0.12 36.53 104 4.23 12.50 4.43 4 N/N/N
17 B1706–44T G343.1–2.3 G343.10-2.69 36.53 102 4.24 12.49 4.43 2 Y/N/N
18 J1357–6429T ... G309.92–2.51 36.49 166 3.86 12.90 4.20 2.5 P/N/N
19 B1823–13T ... G18.00–0.69 36.45 101 4.33 12.45 4.40 4 N/N/Y
20 B1757–24 ... Duck 36.41 125 4.19 12.61 4.29 5 Y/N/N
21 J1016–5857T G284.3-1.8 G284.08–1.88 36.41 107 4.32 12.47 4.35 3 N/N/N
22 J1747–2958 ... Mouse 36.40 99 4.41 12.40 4.38 5 Y/N/N
23 J1119–6127T G292.2-0.5 G292.15–0.54 36.37 408 3.21 13.61 3.75 8.4 N/N/N
24 B1800–21T ... G8.40+0.15 36.34 134 4.20 12.63 4.22 4 N/N/P
25 B1046–58 ... G287.42+0.58 36.30 124 4.31 12.54 4.24 3 N/N/N
26 J1809–1917T ... G11.09+0.08 36.25 83 4.71 12.17 4.39 3.5 P/N/P
27 J1301–6305 ... G304.10–0.24 36.22 184 4.04 12.85 4.02 7 N/N/Y
28 J1718–3825 ... G348.95–0.43 36.10 75 4.95 12.00 4.35 4 N/N/Y
29 J1509–5850 ... G319.97–0.62 35.71 89 5.19 11.96 4.09 4 P/N/N
30 B1853+01 G34.7–0.4/W44 G34.56-0.50 35.63 267 4.31 12.88 3.57 3 Y/N/N
31 J1702–4128 ... G344.74+0.12 35.53 182 4.74 12.49 3.69 5 N/N/Y
32 J0729–1448 ... G230.39–1.42 35.45 252 4.54 12.73 3.50 4 N/N/N
33 J1740+1000T ... G34.01+20.27 35.36 154 5.06 12.27 3.67 1.4 N/N/N
34 B1957+20 ... G59.20–4.70 35.20 1.6 9.18 8.22 5.57 2.5 N/Y/N
35 J0538+2817T G180.0–1.7/S147 G179.72–1.69 34.69 143 5.79 11.86 3.37 1.47p N/N/N
36 B0355+54T ... Mushroom 34.66 156 5.75 11.92 3.31 1.04p N/N/N
37 J0633+1746T ... Geminga 34.51 237 5.53 12.21 3.06 0.25p N/N/N
38 J2124–3358 ... G10.93–45.44 33.83 5 9.58 8.51 4.40 0.25 N/Y/N
39 B1929+10T ... G47.38–3.88 33.59 226 6.49 11.71 2.62 0.36p P/N/N
40 B2224+65 ... Guitar 33.07 683 6.05 12.41 1.88 1 N/Y/N
∗ The superscript T marks pulsars with a thermal component in the Chandra band.
† Logarithm of magnetic field at the neutron star surface.
∗∗ Logarithm of magnetic field at the light cylinder.
‡ Our best guess for the pulsar distance, used to scale the distance-dependent parameters in Table 2. The subscript p marks the distances
determined by parallax measurements.
§ Is the PWN detected in radio, Hα , and TeV γ-rays? P = ‘possibly’.
TABLE 2. X-ray properties of the PWNe and their parent pulsars listed in Table 1
# nH,22∗ logLpwn† Γpwn logLnonthpsr ∗∗ Γpsr lX ‡
pc
RTS§
pc
Pamb,−9¶ Refs.‖
1 0.5 36.04±0.01 2.20±0.05 35.78±0.01 1.8±0.1 1.4 0.19 3.7 [20]
2 0.32 37.28±0.01 2.12±0.01 36.19±0.01 1.63±0.09 1.2 0.14 6.6 [30, 31]
3 0.46 37.01±0.01 1.85±0.10 36.41±0.10 2.05±0.08 1.4 0.24 0.72 [32]
4 2.3 35.34±0.01 1.89±0.02 34.16±0.01 1.51±0.07 1.0 < 0.05 > 3.7 [33]
5 0.43 33.94±0.01 2.02±0.01 33.18±0.01 1.7±0.04 1.2 0.054 2.6 [15]
6 0.5 32.94±0.01 1.3±0.1 32.83±0.05 1.5±0.1 0.4 0.07 1.3 [34]
7 0.8 34.60±0.03 1.65±0.05 35.04±0.08 1.2±0.1 4.5 0.4 0.03 [18]
8 3.5 33.79±0.02 1.2±0.2 34.15±0.01 1.15±0.10 0.6 0.05 1.8 ...
9 0.37 34.71±0.03 1.7±0.5 33.56±0.01 1.68±0.05 0.2 < 0.15 > 0.15 [35]
10 1.9 34.27±0.01 1.99±0.03 33.82±0.05 1.34±0.07 1.2 0.14 0.17 [36]
11 5.4 33.15±0.11 0.5±1.2 32.88±0.20 1.0±0.5 0.4 < 0.1 > 0.3 [37]
12 4.0 36.19±0.02 2.03±0.02 35.23±0.03 1.30±0.06 2.8 < 0.09 > 0.3 [38]
13 0.02 32.11±0.03 1.4±0.1 31.48±0.15 2.0±0.3 0.1 0.016 8.0 [39, 16]
14 3.1 34.00±0.09 1.5±0.2 33.84±0.01 1.4±0.1 1.0 < 0.05 > 0.7 [40]
15 0.34 32.62±0.01 1.76±0.03 32.22±0.01 1.70±0.03 0.4 < 0.01 > 10 [41, 42]
16 0.7 33.08±0.07 1.7±0.3 32.25±0.07 1.0+0.6−0.3 0.8 0.068 0.22 [23]
17 0.5 32.58±0.02 1.8±0.1 32.04±0.04 1.7±0.2 0.2 0.012 7.4 [43]
18 0.23 31.40±0.20 ... 32.15±0.15 1.3±0.2 0.03 < 0.001 > 9 [44]
19 1.0 32.50±0.05 1.3±0.4 31.84±0.31 1.9±0.7 0.2 < 0.04 > 0.6 [45, 46]
20 4.4 33.20±0.14 2.5±0.3 33.23±0.05 1.9±0.3 0.5 0.05 0.3 [47]
21 [1.2] 32.30±0.11 1.5±0.2 31.70±0.17 1.5±0.4 0.1 < 0.03 > 0.9 [48]
22 3.0 34.70±0.05 2.0±0.2 33.74±0.02 1.6±0.1 0.5 0.02 1.7 [21]
23 1.6 33.00±0.10 1.5±0.3 32.93±0.02 1.5+0.3−0.2 0.5 < 0.1 > 0.06 [49]
24 1.4 32.20±0.05 1.6±0.3 31.60±0.11 1.4±0.6 0.2 0.02 0.7 [50]
25 [0.4] 31.82±0.04 1.0±0.2 31.41±0.07 1.5±0.3 0.2 0.024 1.0 [51]
26 0.7 32.59±0.03 1.4±0.1 31.60±0.11 1.2±0.6 0.2 < 0.05 > 0.2 [52]
27 [1.1] 32.16±0.50 ... 32.85±0.20 ... 2.0 ... ... ...
28 0.7 32.60±0.10 1.9±0.2 32.50±0.11 1.4±0.2 2.0 ... ... [53]
29 2.1 32.12±0.13 1.8±0.3 31.93±0.12 2.0±0.3 0.4 < 0.02 > 0.36 [54]
30 2.0 31.93±0.13 2.1±1.0 31.43±0.06 1.4±0.2 0.4 < 0.04 > 0.07 [55]
31 [1.1] 31.60±0.50 ... 31.70±0.30 ... 0.2 ... ... ...
32 [0.3] 31.20±0.50 ... 31.28±0.30 ... 0.05 ... ... ...
33 [0.1] 31.11±0.10 1.5±0.3 30.53±0.06 1.3±0.3 0.8 < 0.01 > 0.65 ...
34 0.1 30.81±0.18 1.6±0.5 31.64±0.03 1.9±0.2 0.1 < 0.01 > 0.45 [56]
35 0.25 31.04±0.10 3.3±0.5 30.79±0.13 1.5±0.7 0.2 ... ... [57, 58]
36 0.6 31.19±0.03 1.5±0.1 30.56±0.11 1.1+0.4−0.2 0.1 < 0.005 > 0.5 [24]
37 0.03 29.11±0.07 1.0±0.2 30.32±0.04 1.56±0.24 0.02 < 0.001 > 9 [26]
38 0.1 ... ... 29.82±0.10 2.6±0.2 ... ... ... [29]
39 0.17 29.63±0.01 1.7±0.6 30.15±0.06 1.7+0.5−0.7 0.05 < 0.002 > 0.3 [59, 60]
40 0.2 ... ... 30.18±0.11 2.0±0.3 ... ... ... [61]
∗ Hydrogen column density (in units of 1022 cm−2) obtained from spectral fits to the PWN spectra or estimated from the pulsar’s
dispersion measure assuming 10% ISM ionization (in square brackets for the latter case).
† Logarithm of PWN luminosity in the 0.5–8 keV band, in units of ergs s−1. For bright PWNe (e.g., ## 2, 5, 13), we quote the luminosity
of the PWN “core” restricted to the torus/arcs regions. For the PWNe with extended tails (## 29, 30, 33, 35, 36, 37, 39) we quote only the
luminosity of the bright “bullet” component, while the tail luminosities are listed in Table 5). For ## 27, 31 and 32, faint extended emission
is seen around the pulsar but its luminosity is very uncertain; we use ±0.50 as a conservative estimate. No compact PWN is resolved for
#38 and #40, but tails are possibly seen (see text and Table 5).
∗∗ Logarithm of nonthermal pulsar luminosity in the 0.5–8 keV band, in units of ergs s−1. In the cases when the spectrum is fitted with the
blackbody+powerlaw model (for the pulsars marked with T in Table 1), it is the luminosity of the power-law component only.
‡ Characteristic size of the PWN “core” in which the PWN X-ray properties listed in this table were measured.
§ Estimated TS stand-off distance.
¶ Estimated ambient pressure, in units of 10−9 dyn cm−2, assuming an isotropic wind (see eq. 1).
‖ The PWN/PSR X-ray properties listed here were measured by ourselves (except for #2, #7, and #28), but we cite recent relevant papers
when available.
TABLE 3. Properties of X-ray PWNe without a known pulsar.
# SNR/PWN∗ d†
kpc
nH,22∗∗ logLpwn‡ Γpwn logLnonthpsr § Γpsr lX ¶
pc
Rad./HαTeV
‖ Refs.
41 G0.9+0.1/G0.87+0.08 10 16±2 35.41±0.07 2.3±0.4 ∼< 32.80 ... 2.2 Y/N/Y [62]
42 G16.7+0.1/G16.73+0.08 10 4.7±1.0 34.37±0.07 1.2±0.3 ∼< 33.95 ... 2.2 P/N/N [63]
43 .../G25.24–0.19 10 4±1 33.63±0.14 0.8±0.3 34.85±0.06 0.6±0.1 2.2 P/N/Y ...
44 3C 396/G39.22–0.32 8 5.3±0.9 34.09±0.10 1.5±0.2 ∼< 33.0 ... 1.6 P/N/N [64]
45 CTB 87/G74.94+1.11 6 1.4±0.3 33.53±0.11 1.6±0.2 ∼< 32.0 ... 3.5 P/N/N ...
46 CTA 1/G119.65+10.46T 1.4 0.28±0.6 31.38±0.20 1.1±0.6 30.92±0.32 1.6±0.6 0.14 N/N/N [65]
47 IC 443/G189.23+2.90T 1.5 0.72±0.6 32.62±0.03 1.7±0.1 30.72±0.20 2.6+0.5−1.0 0.3 Y/P/N [66]
48 MSH 11–62/G291.02–0.11 1.0 1.0±0.1 33.52±0.05 1.6±0.1 32.58±0.11 1.36±0.09 1.1 P/N/N [67]
49 G293.8+0.6/G293.79+0.58T 2 0.4±0.2 30.90±0.26 0.4±0.3 ∼< 31.3 ... 0.6 P/N/N [68]
50 .../G313.32+0.13 5 2.3+0.7−0.4 33.55±0.02 1.7±0.1 32.25±0.20 1.8±0.3 1.5 P/N/N [37]
51 MSH 15-56/G326.12–1.81 4 0.6±0.2 32.51±0.09 1.7±0.2 31.85±0.11 1.5±0.2 1.0 Y/N/N [69]
52 G327.1–1.1/G327.15–1.04 7 2.2±0.2 34.26±0.07 2.0±0.1 33.81±0.24 2.3±0.4 1.7 P/N/N [70]
53 G12.8–0.0/G12.82–0.02 4.5 10±1 32.90±0.25 0.4+0.4−0.7 33.53±0.07 1.3±0.3 2.0 N/N/P [71]
54 DA 495/G65.73+1.18T 1.5 0.31±0.15 31.84±0.09 1.8±0.1 ∼< 31.30 ... 0.2 P/N/N ...
∗ Superscript T marks PWNe in which the point source (likely a pulsar) shows a thermal component.
† Our best guess for the distance, used to scale the distance-dependent parameters in this table.
∗∗ Hydrogen column density (in units of 1022 cm−2) obtained from spectral fits to the PWN spectra.
‡ Logarithm of unabsorbed PWN luminosity in the 0.5–8 keV band, in units of ergs s−1. For the bright, significantly extended PWNe (## 44, 45,
46, 47, 48, 51, 52, 53), we quote the luminosity of the PWN core. For PWNe with very extended tails (## 47, 51, 52), we quote only the luminosity
of the bright “bullet” component; the tail luminosities are listed in Table 5.
§ Logarithm of nonthermal luminosity of the PWN point source (likely pulsars) in the 0.5–8 keV band, in units of ergs s−1.
¶ Characteristic size of the PWN core in which the PWN X-ray properties were measured.
‖ Is the PWN detected in radio/Hα /TeV? P = ‘possibly’.
TABLE 4. Young pulsars undetected in X-rays.
PSR P
ms
logτ log E˙ d∗
kpc
nH,22† Exp.∗∗
ks
logLX ‡
J1105–6107 63 4.80 36.39 6 0.84 11.6 31.81
J1837–0604 96 4.53 36.30 6 1.43 9.1 32.05
J1913+1011 36 5.23 36.46 5 0.55 19.8 31.35
J1906+0746 144 5.05 35.43 5 0.67 32.0 31.19
∗ Our best guess for the distance to the pulsar, based on the
dispersion measure distances [73, 74].
† Hydrogen column density estimated from the pulsar’s
dispersion measure (assuming 10% ISM ionization).
∗∗ Chandra ACIS exposure time.
‡ 3σ upper limit on PWN+PSR luminosity in the 0.5–8 keV
band, calculated for an R = 5′′ circular aperture centered on the
radio pulsar position.
Figure 5 shows the correlations of the nonthermal X-
ray luminosities of PWNe and pulsars, Lpwn and Lpsr,
with the pulsar’s spin-down power E˙. Since the pul-
sar/PWN X-ray emission is powered by the pulsar’s spin-
down, Lpwn and Lpsr are generally higher for pulsars with
larger E˙ [75, 76, 77, 78, 79]. However, both the Lpwn-
E˙ and Lpsr-E˙ correlations show huge dispersions. This
is particularly well seen if we compare the X-ray effi-
ciencies, ηpwn = Lpwn/E˙ and ηpsr = Lpsr/E˙, which range
from ∼ 10−5 to ∼ 10−1. Such a large scatter cannot be
explained by distance uncertainties (even though they
are poorly constrained for some objects3.) We could ex-
plain the scatter of Lpsr by anisotropy of pulsar emission,
which was neglected in the luminosity estimates, but this
argument does not apply to PWN emission which is ex-
pected to be more isotropic. Therefore, we have to con-
clude that Lpsr and Lpwn should depend, in addition to E˙,
on other parameters, such as the pulsar’s magnetic field
and the angle between the magnetic and spin axes.
The highest efficiencies, ηpwn ≈ 0.2d219 and ηpsr ≈
0.02d219, where d19 = d/19kpc, are observed for the
PSR/PWN #12 in the Kes 75 SNR, which has the small-
est spindown age, τ = 726 yr, and the highest magnetic
field, B = 4.9× 1013 G. Even if the distance was some-
what overestimated [80], the efficiencies are still high
enough to speculate that they might be partly due to some
magnetar-type activity (e.g., the energetic PWN might be
generated in a series of magnetar-like bursts).
Very low efficiencies, ∼< 10−4, are observed for the
Vela and some of young (Vela-like) and middle-aged
pulsars and their PWNe. Moreover, in several cases
neither the pulsar nor its PWN was detected (see Ta-
ble 4), including the most X-ray underluminous PSR
J1913+1011, for which ηpwn +ηpsr < 8×10−6d25 . Since
the luminosities of these PSR/PWN pairs can be much
3 In addition to the statistical uncertainties given in Tables 2 and 3,
the error bars in Figs. 5 and 6 include the systematic 40% uncertainty
ascribed to the distance when no parallax was measured.
FIGURE 5. Dependences of the PWN luminosity and
nothermal component of the pulsar luminosity on the pul-
sar spin-down power (top and middle panels, respectively).
The dotted lines correspond to constant X-ray efficiencies,
η = L/E˙. The dashed lines, logLpwn = 1.6log E˙ − 24.2 and
logLpsr = 1.3log E˙−13.0, show approximate upper bounds for
majority of objects. The lower panel demonstrates the correla-
tion between the pulsar and PWN luminosities.
lower than the upper limits, and possibly there are many
other underluminous pulsars/PWNe that have not been
observed or reported, one cannot derive a reliable corre-
lation law from the current (biased) sample. We can only
FIGURE 6. Slope of the (spatially averaged) PWN spectrum
vs. X-ray efficiency.
crudely estimate upper bounds in the L-E˙ correlations,
Lpwn ∼< 1033.4E˙1.636 and Lpsr ∼< 1033.8E˙1.336 ergs s−1, shown
by dashed lines in Figure 5.
Remarkably, the correlation between Lpwn and Lpsr
(Fig. 5, bottom) is much stronger than between these
luminosities and E˙. Although this might be partly due
to the fact that Lpwn/Lpsr does not depend on errors in
the distance estimates, it also indicates that the two lu-
minosities are determined by the same “hidden parame-
ters”. Moreover, the pulsar and PWN X-ray efficiencies
are quite close to each other: 0.1∼< ηpwn/ηpsr ∼< 10, with
an average value 〈ηpwn/ηpsr〉 ∼ 4, for this sample (see
also [50]). This result is surprising because it is hard to
expect so similar efficiencies from the pulsar magneto-
sphere and the PWN, where the properties of the emitting
particles and the magnetic fields are so different.
For all the objects studied, the PWN and pulsar non-
thermal spectra can be satisfactorily described by the
power-law (PL) model, with photon indices in the range
1 ∼< Γ ∼< 2, which corresponds to the slopes 1 ∼< p ∼< 3
for the energy spectrum of emitting particles (p = 2Γ−
1). Although some correlations between the pulsar and
PWN spectral slopes, Γpsr and Γpwn, have been previ-
ously reported, as well as between the slopes and lumi-
nosities [81], we did not find such correlations at a sta-
tistically significant level in our larger sample. However,
we see a hint of correlation between ηpwn and Γpwn, such
that more X-ray efficient PWNe may have softer spectra
(see Fig. 6). Although this can merely reflect the fact that
in more luminous but remote PWNe the spectral extrac-
tion includes regions where the wind particles has cooled
radiatively and hence show softer spectra, the compari-
son of the spatially well-resolved spectra of the Crab and
Vela PWNe supports this correlation.
To conclude, the larger PWN sample shows a large
scatter of PSR/PWN efficiencies, strong correlation be-
tween the pulsar and PWN luminosities, a lack of strong
correlation between spectral slopes, and possible Γpwn-
ηpwn correlation. We should not forget, however, about
the large statistical and systematic uncertainties of spec-
tral measurements, especially those caused by the spatial
averaging. Therefore, deep observations of a few bright,
well-resolved PWNe, such as the Crab and Vela, cur-
rently provide the most efficient way to study the pulsar
winds and their connection to the pulsar properties.
THE VELA PWN
FIGURE 7. Deep image and photon index map of the Vela
PWN. To produce the adaptively binned spectral map, we used
the WVT binnig procedure [82].
One of the most interesting among the whole sample
is the Vela PWN generated by the young (τ = 11 kyr),
nearby (d = 290 pc) pulsar B0833–45. Chandra obser-
vations have revealed a highly-structured, bright nebula
[83, 16, 39, 17] (see #13 in Figs. 2 and 3, and Fig. 7). Its
most prominent features are the two arcs, and the north-
west (NW) and southeast (SE) “jets” along the direction
of the pulsar’s proper motion. The inner arc is certainly a
brightened part of an ellipse (a tilted ring), with the pul-
sar being offset from the ellipse center, while the topol-
ogy of the outer arc and the jets is not so clear. Combined
images from several observations reveal fainter struc-
tures, such as a curved extension of the NW jet with
brighter “blobs”, a fainter extension of the SE jet (Fig.
7), a puzzling “bar” at the apparent origin of the SE jet
(see #13 in Fig. 1), and asymmetric emission extended
toward SW, almost perpendicular to the pulsar’s proper
motion. Although fainter than the arcs and the inner jets,
the outer NW jet was bright enough to detect variabil-
ity of its shape and brightness and measure the speed
of blobs, 0.3–0.6 c, moving away from the pulsar [17].
The inner PWN elements are also remarkably variable4,
with the outer arc changing its brightness and curvature
and moving back and forth, and “knots” appearing, dis-
appearing and moving in the dimmer part of the inner
ellipse, SE of the pulsar. The interpretation of the PWN
structure is still debated. The inner arc (ring) certainly
marks a TS, either in an equatorial outflow [16] or in a
particle beam precessing around the spin axis [84], and
the outer jets are outflows along the spin axis. However,
the nature of the outer arc (a ringlike TS offset from the
equatorial plane or a convex bowshock-like surface?), the
inner jets (polar outflows or Doppler-boosted images of
precessing jets?) as well as the connection between the
inner and outer jets remains unclear. The bar at the base
of the SE inner jet (a TS in a polar outflow?) is another
piece of the puzzle that remains to be solved.
Thanks to its proximity, the compact Vela PWN is both
bright and large enough for detailed spatial spectroscopy.
The adaptively binned spectral map reveals strong corre-
lation with the PWN structure (Fig. 7). Thanks to their
hard spectra, both outer jets are easily identifiable in the
spectral map. The inner jets and the arcs also exhibit
very hard spectra, Γ=0.9–1.2, while the surrounding dif-
fuse emission is much softer, Γ' 1.5. Surprisingly, emis-
sion far SW from the pulsar is relatively hard (Γ = 1.3–
1.4); the X-ray-emitting particles might be supplied there
through the bent outer NW jet (Γ = 1.2–1.3). Although
the physical mechanism responsible for particle acceler-
ation in pulsar winds is unknown, the hard spectrum ob-
served in the Vela PWN, and the significant differences
4 See a movie at http://www.astro.psu.edu/users/
green/pwne/pwne.html#vela
between the spectral slopes in other PWNe5 (Fig. 6),
suggest that it is not a Fermi-type ultrarelativistic shock
acceleration [85] because the latter predicts a universal
slope of the particle spectrum, p≈ 2.2−2.3 (Γ≈ 1.60–
1.65). A possible alternative is acceleration through heat-
ing of ion-electron-positron plasma by the relativistic
ion-cyclotron instability [86], which may produce spec-
tra with various slopes, depending on the proton-to-pair
ratio in the wind6.
FIGURE 8. Vela X in TeV (left; soft X-ray contours over-
layed), soft X-rays (middle) and harder X-rays (right). Adapted
from [87].
The large-scale structure of the Vela PWN has been
studied with ROSAT, ASCA and Suzaku ([88, 89, 87]),
revealing an X-ray counterpart to the brightest filament
in the Vela X radio plerion, presumably created by the
Vela pulsar. The same feature has been recently resolved
in the TeV range with HESS [90]. The remarkable cor-
respondence between the TeV and X-ray morphologies
(Fig. 8) suggests that emission is produced by the same
particles. However, more detailed investigations show
that the diffuse X-ray emission consists of a soft thermal
component, presumably emitted from the SNR plasma,
and a hard nothermal component, which is likely a large-
scale SW extension of the compact PWN (panels b and c
in Fig. 8). Surprisingly, the TeV emission is much better
correlated with the soft X-ray component than with the
hard one, suggesting that collisions of the pulsar wind
with the SNR matter might play some role in generating
the TeV emission (e.g., by producing pi0 mesons which
decay into TeV photons). Future multiwavelength obser-
vations (e.g., with GLAST) may test this hypothesis.
5 In particular, the X-ray spectrum of the Crab, the only other PWN
where the detailed spectral structure has been investigated [30], is much
softer; the photon index measured just downstream of the TS is Γ≈ 1.8,
close that of the Crab pulsar.
6 This mechanism, however, assumes a nucleonic component in the
pulsar wind, which is yet to be confirmed observationally.
TEV PLERIONS
In addition to promoting Vela X to the rank of TeV ple-
rions, HESS observations of the Galactic plane have re-
vealed a new population of extended TeV sources [91].
It has been noticed (e.g., [92, 93]) that some of the ex-
tended TeV sources neighbor young Vela-like pulsars,
offset by 10′–20′ from the center of the TeV emission.
To date, young pulsars have been found in the vicinity of
∼10 extended TeV sources (e.g., [94, 95]). Despite the
seemingly large offsets, the chance coincidence proba-
bility is very low, ∼< 10−6, so that the associations must
be taken seriously [93].
FIGURE 9. Large-scale structure of X-ray (left), IR (mid-
dle), and radio (right) emission around PSR J1809–1917. The
pulsar and its compact PWN are imaged on the Chandra ACIS
S3 chip. The center of the TeV source HESS J1809–193 is
shown by a cross. Adapted from [52].
Furthermore, X-ray observations of the Vela [87],
PSR J1826–1334 [45, 46], and PSR J1809–1917 [52]
have provided evidence that the TeV sources are con-
nected to the pulsars through faint, asymmetric X-ray
nebulae. For example, the elongated morphology of the
compact PWN J1809–1917 (#26 in Fig. 3), with a tail di-
rected to the north from the pulsar, shows that, similar to
the Vela and J1826–1334, the offset TeV source is not lo-
cated behind the moving pulsar. However, heavily binned
X-ray images (Fig. 9) show that the compact PWN is
immersed in an asymmetric large-scale nebula extending
toward the center of the TeV emission. Such offsets and
the asymmetries of the large-scale X-ray PWNe could be
created by the reverse SNR shock that had propagated
through the nonhomogeneous SNR interior and reached
one side of the PWN sooner than the other side [96]. It
has been proposed that this scenario could also account
for the similarly asymmetric, offset TeV emission (e.g.,
[92]). However, the physical origin of the TeV emission
still remains unclear. It can be produced via the IC scat-
tering of seed photons (e.g., the CMB radiation and/or IR
background, e.g., from nearby star-forming regions and
warm dust clouds, such as sources A and B in Fig. 9) off
TABLE 5. Properties of large-scale components in ram-
pressure confined PWNe.
# d∗
kpc
V⊥†
km s−1
lext∗∗
pc
logLext‡ logηext§
1 50 ∼ 600 3.7 36.21±0.01 −2.47
15 2.5 280±80 1.2 33.02±0.11 −3.55
17 2 ∼< 100 3 32.60±0.10 −3.93
22 5 ∼ 500 1.1 33.83±0.09 −2.57
29 4 300−900 6.5 33.05±0.04 −2.66
30 3 300−400 1.3 32.20±0.10 −2.58
33 1.4 200−1000 2 31.60±0.10 −3.76
35 1.47p 400+114−73 1 31.30±0.15 −3.39
36 1.04p 61+12−9 1.5 31.20±0.07 −3.46
37 0.25p 211±2 0.35 29.35±0.11 −5.53
38 0.25 ∼ 56±4 0.04 28.98±0.15 −4.85
39 0.36p 177+4−5 1.5 29.50±0.25 −4.09
40 1 862±14 0.6 30.18±0.10 −2.89
47 1.4 ∼ 250 0.65 32.82±0.03 ...
51 4 100−400 3.5 32.8±0.2 ...
52 7 ∼ 500 5.6 33.09±0.10 ...
∗ Best-guess distance used to scale the distance-dependent
parameters in this table. Distances marked by p are from parallax
measurements.
† Measured (when uncertainties are provided) or estimated
transverse pulsar velocity.
∗∗ Largest linear extent of the X-ray PWN.
‡ Logarithm of luminosity of the large-scale PWN component, in
the 0.5–8 keV band.
§ ηext = Lext/E˙
the relativistic pulsar-wind electrons. Alternatively, the
TeV photons can be produced as a result of pi0 → γ + γ
decay, with pi0 being produced when the relativistic pro-
tons from the pulsar wind interact with the ambient mat-
ter [97]. If confirmed, the latter mechanism may provide
the long-sought observational evidence for the elusive
proton component in the pulsar wind [98].
LONG PULSAR TAILS
Chandra observations have allowed us to discover sev-
eral long, up to a few parsecs, pulsar tails, obviously
associated with the pulsar motion (see Fig. 3 and Ta-
ble 5). The longest X-ray tail (l = 6.5 pc at d = 4
kpc, limited by the detector FOV) was observed behind
PSR J1509–5058 (hereafter J1509; see Fig. 10). The
large lengths of this and other tails indicate that they
are not just trails of “dumped” electrons (or positrons)
behind the moving pulsars because such an assumption
would imply an improbably high pulsar speed: vpsr =
l/τsyn ∼ 10,000(l/6pc)(B/10µG)3/2(E/3keV)1/2 km
s−1, where τsyn is the synchrotron cooling time for elec-
trons that emit photons of energy E. Therefore, the tails
represent ram-pressure confined streams of relativistic
electrons with a large bulk flow velocity, vflow  vpsr.
This conclusion is also supported by the detection of
the exremely long (17 pc at d = 5 kpc) radio tail of the
Mouse PWN [22]. On the other hand, if one assumes a
nearly relativistic flow velocity, such as obtained in the
numerical simulations [3] for the ram-pressure confined
flow just behind the back surface of the TS bullet, then
the tail should be much longer than observed. This sug-
gests that the flow decelerates on a length scale of ∼<1 pc
(time scale ∼<10–100 yrs), perhaps due to shear instabil-
ities at the CD surface and entrainment of the ambient
matter. Measuring the spectral changes along the tail and
confronting them with the models of cooling MHD flows
can constrain the evolution of the flow speed along the
tail and elucidate the deceleration mechanism(s).
FIGURE 10. X-ray tail of J1509–5058 with 843-MHz con-
tours overlayed (Kargaltsev et al., in prep.).
If the tail flow indeed starts as mildly relativistic, then
the tail’s properties should be very similar to those of a
pulsar jet. Moreover, if a pulsar moves along its spin axis
and the wind outflow has polar components (this scenario
has not been considered in the numerical simulations),
then the “tail” is actually a “rear jet” (the front jet may
be destroyed by the ram pressure or not seen because of
the Doppler effect). In this case, we can expect kink and
sausage instabilities in the pinched flow, similar to those
responsible for bends and blobs in the Vela outer jet [17].
The nonuniformities observed in the tails of J1509 and
PSR B1929+10 [60] might be a manifestation of such
instabilities, which could be used to measure the flow
velocity in a series of deep observations.
Despite its lower surface brightness, the luminosity
of the extended tail of J1509, Ltail ≈ 1.1× 1033 erg s−1
(ηtail ≈ 2× 10−3), exceeds the luminosity of the com-
pact (∼ 20′′× 8′′) PWN “head” by a factor of 10. This
example demonstrates that pulsar tails may appear more
luminous than compact PWNe and explains the ubiquity
of tails found behind pulsars with lower E˙ (e.g., # 29
through #40 in Table 1). The reason is that in a ram-
pressure confined PWN the entire wind flow is channeled
into a narrow linear structure, which results in a larger
column density of wind particles (hence higher surface
brightness) at a given distance from the pulsar and makes
it easier to detect the PWN emission much further away
from the pulsar than in the case of a more isotropic PWN.
Thus, spatially resolved X-ray spectroscopy and multi-
wavelength observations of pulsar tails are most useful
for studying the evolution of cooling pulsar winds and
the properties of relativistic MHD flows. Particularly im-
portant are radio observations as they can map the mag-
netic field within the tail through the polarization mea-
surements.
CONCLUSIONS
The high angular resolutions and sensitivity of Chandra
have allowed us to detect many X-ray PWNe and study
their structure and spectra. Our current understanding of
X-ray PWNe can be briefly summarized as follows.
• Most of the detected PWNe are associated with
young, powerful pulsars (partly due to selection
effect), but some old PWNe have also been detected
(e.g., the tail of PSR B1929+10).
• The observed PWN morphologies can be crudely
classified into the torus-jet and bowshock-tail types,
corresponding to sub- and supersonic pulsar mo-
tion, respectively. However, the classification is of-
ten uncertain, and many morphological features
(e.g., in the Vela and Geminga PWNe) remain to
be understood.
• PWNe radiate up to a few percent of the pulsar spin-
down power in X-rays. The X-ray PWN efficiency
generally grows with E˙, but the ηpwn-E˙ dependence
shows a very large scatter, including some very dim
PWNe, ηpwn < 10−5.
• The X-ray luminosities of the detected PWNe and
their parent pulsars are of the same order of mag-
nitude, with PWNe being, on average, somewhat
more luminous.
• The photon indices of the PWN spectra are in the
range 1∼< Γ∼< 2. More X-ray efficient PWNe appar-
ently show softer spectra, but this conclusion should
be checked in deeper observations of well-resolved
PWNe to mitigate the effects of synchrotron cool-
ing.
• Spectral maps of the Crab and Vela PWN show
strong correlation between the spectral hardness and
morphological features. The Crab’s spectra imme-
diately downstream of TS are considerably softer
than those of the Vela.
• X-ray observations of pulsars/PWNe in the vicinity
of extended TeV sources show faint extensions of
compact PWNe toward the offset centers of the TeV
emission, supporting the interpretation of these TeV
sources as “crushed plerions”.
• Parsec-scale X-ray tails found behind many pulsars
represent ram-pressure collimated, high-velocity
flows of relativistic particles, resembling pulsar jets
in their properties.
Notwithstanding the considerable progress in observa-
tions and modeling of PWNe, there still remains a nub-
mer of important problems to solve. Here we mention a
few of them.
• What is the origin of the diverse, often very com-
plex, PWN morphologies? For instance, what is the
nature of the outer arc, inner jets, and bar in the Vela
PWN, the loops in the 3C 58 PWN, the shell and ax-
ial tail in the Geminga PWN?
• Where and how the X-ray emitting particles are
accelerated? Does the acceleration occur in the
preshock wind or at the TS? Are the winds com-
posed of electrons/positrons or they have some nu-
cleonic component?
• What are the physical parameters that determine the
X-ray PWN efficiency, in addition to E˙? Why don’t
we see any PWN around some pulsars? Is it because
of some special properties of the pulsar wind or the
ambient medium?
• Why are the particle spectra so hard in some PWNe
(e.g., Vela) and much softer in others (e.g., Crab)?
Is such a difference caused by different properties
of the parent pulsars’ winds (e.g., magnetization),
or different efficiencies of particle acceleration be-
tween the magnetosphere and the TS? What is the
reason for the apparent efficiency-hardness correla-
tion?
• Can all the Galactic extended TeV sources with
luminous pulsars nearby be interpreted as relic TeV
plerions or there are indeed “dark accelerators”?
Are these sources indeed “crushed PWNe” formed
by the passage of the inverse SNR shock? Can the
huge sizes of the TeV plerions and the large offsets
from the pulsars be reconciled with the “crushed
PWN” scenario? Is the TeV radiation due to the IC
scattering or the pion decay? If the former, are the
seed photons supplied by the CMB or IR radiation
from nearby star-forming regions or dust clouds?
• What are the flow velocities and magnetic fields in
the long pulsar tails? Which role does the magnetic
field play in the tail collimation and what is the
magnetic field topology ? How do these collimated
flows decelerate and cool?
To answer these questions, new observations are badly
needed, both in X-rays and other wavelengths, as well
as theoretical work and numerical modeling. Particularly
important would be to take full advantage of the out-
standing Chandra capabilities as long as it is alive be-
cause no X-ray observatory with such high angular reso-
lution is expected in the foreseeable future.
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